This single-centre, 12-week, double-blind, placebo-controlled trial assessed how the human glucagon-like-peptide 1 analogue liraglutide impacted endothelial function in adult patients (n = 49) with type 2 diabetes and no overt cardiovascular disease. Patients were randomized to liraglutide, placebo or glimepiride. At baseline and Week 12, venous occlusion plethysmography was used to measure forearm blood flow (FBF) in response to acetylcholine (ACh) and sodium nitroprusside (SNP) before and after l-N G -monomethyl arginine (L-NMMA) infusion. At Week 12, AChmediated FBF increased with liraglutide and decreased with placebo; however, the between-treatment difference was not significant (p = 0.055). Inhibition of ACh-mediated FBF after L-NMMA infusion increased with liraglutide and decreased with placebo; this between-treatment difference was also not significant (p = 0.149). No change in FBF was observed with SNP. Liraglutide did not significantly impact endothelium-dependent vasodilation after 12 weeks; however, additional investigations looking at the effect of liraglutide on endothelial function in alternative vasculature and during the postprandial period are warranted.
Introduction
The endothelium plays a crucial role in the regulation of vascular tone and integrity, preventing atherogenesis through a balanced release of relaxing and contracting factors regulating fibrinolytic and prothrombotic activity and inhibition of leukocyte and platelet adhesion. 1 Damage to the vascular endothelium can affect its normal function and predispose to atherogenesis through inflammation and impairment of endothelium-dependent vasodilation. Thus, endothelial dysfunction is often considered as an early manifestation in the development of atherosclerosis and cardiovascular (CV) disease. 2 Insulin resistance and hyperglycaemia, and therefore type 2 diabetes, are associated with endothelial dysfunction, 3 which may partly explain the increased risk of CV disease observed in this population compared with normoglycaemic individuals. 4 Other comorbidities frequently associated with type 2 diabetes, such as dyslipidaemia, obesity and hypertension, are also linked with endothelial dysfunction, complicating the atherosclerotic process. 3 The vasodilatory response of the peripheral vascular endothelium is often used as an indirect measure of endothelial function. 5 Endothelial dysfunction across the forearm vascular bed is considered a surrogate endpoint of endothelial function in the coronary circulation, 6 is associated with various CV risk factors and is an independent predictor of CV events in both healthy and at-risk individuals. 7-10 Therefore, it seems plausible that improvements in endothelial function may reduce CV risk.
Glucagon-like peptide-1 (GLP-1) is an incretin hormone involved in maintaining glucose homeostasis after food ingestion by stimulating insulin and inhibiting glucagon secretion through glucose-dependent mechanisms. 11 Interestingly, native human GLP-1 has also been shown to improve endothelium-dependent forearm blood flow (FBF) in healthy individuals 12 and endothelial dysfunction in individuals with type 2 diabetes and stable coronary artery disease. 13 To exploit the beneficial properties of native GLP-1, which has limited therapeutic potential due to its short half-life in circulation, GLP-1 receptor agonists (RAs) with longer half-lives have been developed. 14, 15 Several of these, including exenatide and liraglutide, are currently available for treating type 2 diabetes. 16, 17, 18 Exenatide and liraglutide have both been shown to improve markers of endothelial function in vitro and in animal models. [19] [20] [21] Additional studies with liraglutide confirmed that this effect is dependent on the GLP-1 receptor. 22 Although an exploratory study in patients with type 2 diabetes found a tendency for liraglutide to increase retinal endothelial function, 23 more definitive studies looking at the effect of liraglutide on other human vascular beds are lacking. The aim of this study was to investigate the effect of 12 weeks of liraglutide treatment on endothelial function, as assessed by FBF with venous occlusion plethysmography, in individuals with type 2 diabetes.
Materials and methods

Participants
The study was conducted at a single site in the United States. Participants were eligible if they were aged 40-70 years, had a body mass index of 40 kg/m 2 or lower, were diagnosed with type 2 diabetes and treated with lifestyle changes alone or metformin monotherapy for at least 3 months before screening and had a glycated haemoglobin (HbA 1c ) of 6.5%-9.0%. Main exclusion criteria were previous treatment with any antihyperglycaemic drugs other than metformin within 3 months of screening, recurrent major hypoglycaemia or hypoglycaemic unawareness, present use of any drug -except metformin -that could affect glucose and/or interfere with the outcome of the trial, hypersensitivity to trial products, high blood pressure (defined as >140/90 mmHg), initiation or change in concomitant blood pressure-lowering or lipid-lowering medication within 4 weeks prior to screening, overt CV disease, impaired renal or hepatic function, or cancer.
Trial design and conduct
This was a 12-week, single-centre, double-blind, placebocontrolled, parallel group trial, with an open-label active comparator (glimepiride) arm, designed to evaluate the effect of liraglutide on endothelial function in participants with type 2 diabetes (Figure 1(a) ). Participants were randomized to liraglutide 1.8 mg once daily, liraglutide placebo once daily or glimepiride 4 mg/day (open-label) in a 1:1:1 ratio using a computer-generated code. Randomization was stratified based on prior therapy with diet and lifestyle changes alone or metformin monotherapy. The goal of the open-label glimepiride arm was to achieve similar glycaemic control to the liraglutide arm, in an effort to determine whether any effect of liraglutide on endothelial function was independent of glycaemic control. To minimize gastrointestinal discomfort, the dose of liraglutide was escalated in weekly increments of 0.6 mg to the target dose of 1.8 mg. The same dose-escalation schedule was used with placebo to ensure blinding. The dose of glimepiride was started at 1 mg/day, increased to 2 mg/day at Week 2 and to the final maintenance dose of 4 mg/day at Week 3. Dose reductions of glimepiride were allowed for unacceptable hypoglycaemia.
The trial was conducted in accordance with the Declaration of Helsinki and adhered to Good Clinical Practice guidelines issued by the International Conference of Harmonization. The Mayo Institutional Review Board reviewed and approved the protocol, amendments and participant informed consent forms before trial initiation.
Study endpoints
The primary endpoint was change from baseline (Week 0) to Week 12 in acetylcholine (ACh)-mediated FBF at euglycaemia for liraglutide versus placebo. Secondary endpoints included ACh-mediated FBF at euglycaemia for liraglutide versus glimepiride; amount of ACh-mediated FBF suppression induced by l-N G -monomethyl arginine (L-NMMA) at euglycaemia and change from baseline to Week 12 in sodium nitroprusside (SNP)-mediated FBF at euglycaemia, HbA 1c , fasting plasma glucose (FPG) and body weight. Other endpoints included change from baseline to Week 12 in fasting lipid profile (total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, very-low-density lipoprotein cholesterol, triglycerides, free fatty acids and apolipoprotein B) and biomarkers of CV risk (high-sensitivity C-reactive protein, brain natriuretic peptide, vascular endothelial growth factor, adiponectin, interleukin-6 and tumour necrosis factor-alpha). Additionally, changes from baseline to Week 12 in ACh-mediated and SNP-mediated FBF at ambient blood glucose were exploratory endpoints and will be reported elsewhere.
Safety and tolerability assessment. Safety and tolerability assessments included incidences of treatment-emergent adverse events (TEAEs) and treatment-emergent serious adverse events (TESAEs) (coded using Medical Dictionary for Regulatory Activities (MedDRA) version 13.0). In this study, TEAEs were defined as adverse events (AEs) that occurred, or events that increased in severity, on or after the first dose date and not later than 7 days after the last dose date. The severity of TEAEs was defined as follows: mild (transient symptoms, no interference with the subject's daily activities), moderate (marked symptoms, moderate interference with the subject's daily activities) or severe (TESAE) (considerable interference with the subject's daily activities). Hypoglycaemia events are defined in section 'Hypoglycaemia definitions' of Appendix 1.
Assessment of endothelial function
Endothelial function was assessed at baseline and Week 12 by measuring FBF using venous occlusion plethysmography as described previously. 12 For this study, the timing and conditions of venous occlusion plethysmography used are shown in Figure 1 (b). In brief, participants were admitted to the Mayo Clinical Research Unit at 06:00 h, having fasted overnight. An arterial catheter was placed in the non-dominant arm, also as described previously, 12 to allow FBF measurements with venous occlusion plethysmography. A three-port connector was placed in series with the catheter and a pressure transducer to allow drug infusion and constant measurement of arterial blood pressure. Cannulae were also placed in a vein in the dominant forearm to obtain blood for laboratory analyses and insulin infusion and in an arterialized hand vein for blood sampling of fasting insulin, C-peptide and glucagon every 30 min until the end of the study. Two sets of blood flow measurements were performed consecutively: one at ambient blood glucose and the other at euglycaemia (plasma glucose concentration 90-100 mg/dL). From 07:30 to 08:00 h, FBF responses to increasing doses of ACh (IOLAB Pharmaceuticals, Claremont, CA, USA) and SNP (Elkin Simms) were assessed as described previously. 12 At 08:15 h, L-NMMA (Calbiochem, St Louis, MO, USA), at a rate of 5 mg/min for 10 min followed by 1 mg/min for the rest of the procedure, was infused into the brachial artery to inhibit endothelial nitric oxide synthase (eNOS) production, and FBF responses to ACh and SNP were assessed again as above. At 09:00 h, all arterial infusions were stopped, and a bolus dose of regular human insulin (0.1-0.15 U/kg) was given. Intravenous regular human insulin infusion through the forearm venous cannula was also started at a variable rate to maintain the desired plasma glucose concentration, which was monitored every 10-15 min in blood drawn from the arterialized hand vein. When target glucose levels had been maintained for 2 h or at 14:00 h (whichever came first), FBF responses to ACh, in the absence and presence of L-NMMA, and SNP were assessed again as above. Heart rate was continuously monitored throughout the procedure through a five-lead electrocardiogram.
Analyses
Procedures followed for the analyses of blood flow responses and glucose and hormone concentrations have been described previously. 12 Blood flow analyses were done at maximum doses of ACh (8 µg/100 mL/min) and SNP (2 µg/100 mL/min) and were saline-corrected. For C-peptide, glucagon and insulin, the mean of the first four values is summarized as ambient and the mean of the last four values as euglycaemia. Liraglutide placebo titrated weekly: 100 µL → 200 µL → 300 µL (n=16)
Open-label glimepiride titrated weekly:
Subjects on metformin at baseline remained on a stable pre-study dose 
Statistical analyses
Statistical analyses of all blood flow and efficacy endpoints were performed using an analysis of covariance (ANCOVA) model, with treatment as fixed effect and baseline value as a covariate on the full analysis set (i.e. all randomized participants). Two-sided 95% confidence intervals were calculated, and the significance level was set at 5%. The primary efficacy analysis compared the effect of liraglutide versus placebo on ACh-mediated FBF euglycaemia; comparisons between liraglutide versus glimepiride and glimepiride versus placebo were secondary. Post hoc analyses included a summary of the percentage of participants with maximal FBF response at maximal dose of ACh and SNP, while changes from baseline to Week 12 in the integrated area under the curve (AUC) of ACh-mediated FBF at euglycaemia were assessed using the same ANCOVA model used for the primary and secondary endpoints. Safety analyses were performed on data from the safety population, which included all participants exposed to at least one dose of the drug or who underwent at least one venous occlusion plethysmography procedure. Hypoglycaemic events were analysed using Fisher's exact test. AEs, laboratory parameters, vital signs and physical examinations were compared between groups with descriptive statistics.
Power calculation
The power calculation was based on the two-sample t-test with equal variances, as described previously. 12 With 14 subjects in each treatment group, there was an 80% power to detect a difference of 1.1 standard deviation unit (twosided α = 0.05).
Results
Participant disposition, demographics and baseline characteristics
A total of 49 participants were enrolled and randomized to receive liraglutide (n = 16), placebo (n = 16) or glimepiride (n = 17). Of these, 46 participants (94%) completed the study and 3 participants withdrew: 2 in the placebo group and 1 in the glimepiride group (Figure 2 ). Demographic and baseline characteristics were generally similar between groups, with the exception of age and duration of diabetes, which were slightly greater in the placebo arm compared with the liraglutide or glimepiride arm (Table 1) .
FBF responses to ACh at euglycaemia
After 12 weeks, ACh-mediated FBF at euglycaemia increased from baseline in the liraglutide and glimepiride arms and decreased in the placebo arm (Figure 3(a) ). After 12 weeks, least square (LS) mean changes (LS mean ± standard error (SE)) were 4.2 ± 2.6, −3.2 ± −2.8 and 2.2 ± 2.6 mL/100 mL/min in the liraglutide, placebo and glimepiride arms, respectively. The between-treatment differences were not statistically significant for liraglutide versus placebo (p = 0.055), liraglutide versus glimepiride (p = 0.568) and glimepiride versus placebo (p = 0.167) (Figure 3(a) ). Review of a scatterplot of the individual data was also not suggestive of an effect (Figure 3(b) ). There was no significant correlation (r = −0.211, p = 0.1602) between these changes in ACh-mediated FBF at euglycaemia and changes in HbA 1c from baseline to Week 12 (data not shown).
At baseline, ACh-mediated FBF was similar before and after L-NMMA infusion in all three treatment groups. At Week 12, ACh-mediated FBF after L-NMMA infusion was suppressed in the liraglutide and glimepiride arms but not in the placebo arm compared with the values observed before L-NMMA infusion. Thus, compared with baseline, L-NMMA inhibition of ACh-mediated FBF at Week 12 increased with liraglutide and glimepiride treatment and decreased with placebo. However, between-treatment differences were not significant ( Figure 4 ).
FBF responses to SNP at euglycaemia
After 12 weeks of treatment, mean changes from baseline (LS mean ± SE) were 3.5 ± 2.7, −1.0 ± 2.9 and 2.7 ± 2.7 mL/100 mL/min with liraglutide, placebo and glimepiride, respectively. Between-treatment differences were not statistically significant (liraglutide vs placebo: p = 0.265; liraglutide vs glimepiride: p = 0.852 and glimepiride vs placebo: p = 0.344; Figure 5 ).
Glucose, insulin, C-peptide and glucagon measurements during the venous occlusion plethysmography procedures
FPG, C-peptide, glucagon and insulin levels at baseline and Week 12 at euglycaemia are summarized in Table 2 . Target blood glucose values were achieved with the insulin infusion at both Week 0 and Week 12. Mean blood glucose values during the euglycaemic clamp did not differ between treatment groups at Week 0 (95.4 vs 95.8 vs 97.2 mg/dL, liraglutide vs placebo vs glimepiride) and
Week 12 (94.3 vs 96.1 vs 94.1 mg/dL, liraglutide vs placebo vs glimepiride).
Glycaemic control
Change in HbA 1c from baseline to Week 12 was −0.63 ± 0.44%, −0.09 ± 0.45% and −0.55 ± 0.45% with liraglutide, placebo and glimepiride treatment, respectively. Between-treatment differences were significant for liraglutide versus placebo (p = 0.002) and glimepiride versus placebo (p = 0.010). The goal of similar glycaemic control between the liraglutide and glimepiride arms was achieved (p = 0.6207). Compared with placebo, significant improvements in FPG were also observed in the liraglutide and glimepiride arms (Appendix Table 3 ).
Body weight
After 12 weeks of treatment, body weight decreased from baseline in the liraglutide and placebo groups and increased in the glimepiride group. Between-treatment differences were significant for liraglutide versus placebo, liraglutide versus glimepiride and glimepiride versus placebo (Appendix Table 4 ).
Blood pressure
Change in systolic blood pressure (LS mean ± SE) from baseline to Week 12 was −4.6 ± 2.4, −4.8 ± 2.6 and −0.2 ± 2.4 mmHg in the liraglutide, placebo and glimepiride treatment arms, respectively. Change in diastolic blood pressure (LS mean ± SE) from baseline to Week 12 was 3.0 ± 2.0, −2.0 ± 2.1 and 0.8 ± 1.9 mmHg in the liraglutide, placebo and glimepiride arms, respectively. Betweentreatment differences for systolic and diastolic blood pressure were not statistically significant.
Lipid profile and biomarkers of CV risk
Change from baseline to Week 12 in lipid profiles and biomarkers of CV risk is summarized in the appendix (Appendix Tables 5 and 6 , respectively). Betweentreatment differences were not significant.
Safety and tolerability
AEs. There was a single TESAE (prostate cancer), which occurred in the placebo group. The percentage of patients who reported TEAEs was greater with liraglutide (68.8%) and placebo (56.3%) than with glimepiride (29.4%). TEAEs were either mild (95%) or moderate (5%) in severity, and most (80%) were deemed by the investigator to be unlikely related to treatment. Only eight events, all of which occurred in the liraglutide group, were considered possibly related to treatment. Of these, most were of gastrointestinal nature (two events of dyspepsia, two nausea, two vomiting), one was a viral gastroenteritis and the remaining one was decreased appetite. No change in laboratory parameters, vital signs and physical examinations was observed (section 'Laboratory parameters, vital signs and physical examinations' of Appendix 1). No withdrawals occurred due to AEs in patients treated with liraglutide.
Hypoglycaemia. There were no episodes of major hypoglycaemia. The rate of minor hypoglycaemia was lower in the liraglutide group than in the glimepiride group (0.26 vs 2.46 events/patient/year). No events of minor hypoglycaemia were reported in the placebo group. Comparisons of the number of subjects experiencing hypoglycaemia between the liraglutide and placebo groups (p = 0.484) and between the liraglutide and glimepiride groups (p = 0.398) were not statistically significant.
Post hoc analyses
Proportion of subjects with peak FBF response at maximal dose of ACh and SNP at euglycaemia. Peak FBF response at maximal dose of ACh was observed in 55% of patients at baseline and in 61% of patients at Week 12. In contrast, peak FBF response was seen at the maximal dose of SNP in 76% of patients at baseline and in 80% of patients at Week 12.
AUC of ACh-mediated FBF at euglycaemia. After 12 weeks of treatment, change from baseline in AUC of ACh-mediated FBF (LS mean ± SE) at euglycaemia was 17.5 ± 12.3, −10.6 ± 13.3 and 0.8 ± 12.3 mL/100 mL with liraglutide, placebo and glimepiride, respectively. Between-treatment differences were not statistically significant.
Discussion
In this study, no significant effect of liraglutide on endothelium-dependent vasodilation was seen. Although the p-value approached statistical significance (p = 0.055), further analysis of the distribution of the individual data did not suggest a treatment effect. There was also no effect of liraglutide on endothelium-independent vasodilation. Given that hyperglycaemia has a detrimental effect on endothelium-dependent vasodilation, 3, 24 our study was designed to control for acute differences in glycaemia. Euglycaemia was achieved with the insulin infusion, and the goal of achieving similar acute glycaemic control was fulfilled, with the mean blood glucose values being similar between treatment arms during the FBF assessments at both baseline and end of study.
The study was also designed to determine whether the presumed effect of liraglutide was independent of its effect on glucose. The goal of attaining a similar reduction in HbA 1c with liraglutide and glimepiride was also achieved. Although the change in ACh-mediated vasodilation was numerically greater with liraglutide than glimepiride, the between-treatment difference was not statistically significant. Importantly, however, the study was not powered to detect differences in blood flow between liraglutide and glimepiride. In our study, the changes in ACh-mediated FBF and HbA 1c were not correlated. These findings suggest, but do not prove, that the observed effect of liraglutide, although not statistically significantly different from placebo, is independent of its effect on glycaemic control.
We chose to analyse FBF at maximum doses of ACh and SNP because this usually resulted in the maximum response in previous studies in healthy, non-diabetic individuals (A Basu, unpublished observations). 3 Intriguingly, the proportion of subjects who had their peak response at the maximum dose of ACh was somewhat lower in this study than what has been observed in prior studies in people without diabetes, suggesting that the nitric oxide pathway may be impaired in patients with type 2 diabetes. Because of this finding and given that the p-value approached significance, a post hoc AUC analysis, taking into account all ACh doses, was also done. Between-treatment differences were not significant in this post hoc analysis.
Our findings are consistent with some prior studies but conflict with others. Improved vascular function has been reported following native GLP-1 infusion in preclinical studies 25, 26 and also in clinical trials in both healthy subjects 12 and patients with type 2 diabetes. 13 However, it is not yet clear whether native GLP-1 exerts this beneficial effect through direct actions by the GLP-1 receptor 27 or through indirect actions of its dipeptidyl peptidase (DPP)-4mediated cleavage product, GLP-1(9-36), known to mediate important mitochondrial and other, as yet unidentified, GLP-1 receptor-independent signalling pathways. 28, 29 For incretin-based therapies, including GLP-1 RAs and DPP-4 inhibitors, the overall effect on vascular function is less clear. For GLP-1 RAs, a recent mechanistic study in mice that investigated the role of GLP-1 receptor activation in blood pressure control found that liraglutide had no direct effect on phosphorylated eNOS. 30 Moreover, 3 months of exenatide therapy was not found to have an effect on endothelial function in patients with prediabetes and abdominal obesity, as measured by digital reactive hyperaemia, C-reactive protein, circulating oxidized lowdensity lipoprotein and vascular cell adhesion molecule-1. 31 Another study examining the effect of 6 months of GLP-1 RA therapy in obese patients with type 2 diabetes found no effect on endothelial function, as measured by brachial flow-mediated dilation and carotid intimalmedial thickness. 32 The low vascular impact of GLP-1 RAs described in the above studies could suggest that improved vascular function is more likely to be mediated by GLP-1 receptorindependent mechanisms, such as GLP-1(9-36) signalling. However, other studies provide evidence that GLP-1 RAs can directly improve endothelial function. An exploratory study in patients with type 2 diabetes who were in good metabolic control on metformin monotherapy found that liraglutide improved the retinal hyperaemic response to flicker light after 6 and 12 weeks of therapy. 23 Another study with exenatide supports the notion that, as shown for GLP-1, 13 GLP-1 RAs may also have a positive effect on endothelial function. In this observational study in patients with type 2 diabetes, endothelial function was significantly improved after 16 weeks of treatment with exenatide compared with glimepiride. Exenatide treatment and HbA 1c were both independently and significantly associated with peak flow-mediated dilation. In addition, the reactivity of peripheral resistance vessels, which was indirectly evaluated through measurements of shear rate increase after ischaemia, also improved significantly with exenatide treatment. However, the study was limited by both a small number of subjects (n = 20) who were not matched in the two treatment groups and the lack of a randomized doubleblind design. 33 For DPP-4 inhibitors, conflicting data have also been published regarding their effects on the vascular system. One recent study reports that 6 weeks of sitagliptin or alogliptin treatment significantly attenuated endothelial function in patients with type 2 diabetes, 34 which is in support of the hypothesis that normal degradation products of native GLP-1 such as GLP-1(9-36) may be mediating vascular improvements through GLP-1 receptor-independent mechanisms. However, it has also been shown that both 12 weeks of sitagliptin treatment and 4 weeks of vildagliptin treatment resulted in significant improvement in endothelial function in patients with type 2 diabetes, 35, 36 possibly due to an increase in circulating levels of GLP-1, which may increase GLP-1 receptor-dependent responses, not only on vascular endothelial cells but also on myocardial and smooth muscle cells, where the GLP-1 receptor is also expressed.
In addition, it has been reported that the GLP-1 RA, exenatide, when given as a single dose prior to a high-fat meal, improved postprandial endothelial function in patients with impaired glucose tolerance or recent-onset type 2 diabetes. The observed response in these patients suggests that the effect of GLP-1 RAs on endothelial function may occur in the postprandial period, possibly due to a reduction in postprandial triglycerides, 37 which is supported by another study in which liraglutide was also shown to reduce postprandial triglycerides. 38 This may also be the case for DPP-4 inhibitors, as shown by a recent study in patients without diabetes, in which 1 week of alogliptin treatment ameliorated postprandial endothelial dysfunction. 39 In contrast to the above studies, in our study, we assessed endothelial function and lipids in the fasting state.
In the majority of the above studies, blood flow was assessed by responses in the brachial artery utilizing flow-mediated dilation, in contrast to this study, and our previously published study, 12 which assessed blood flow in the regional microcirculation using venous occlusion plethysmography. Given that mechanisms of vasodilation in conduit vessels are often different from those in resistance vessels, where blood flow is regulated, it is worth noting that flow-mediated dilation assesses vasodilation in large conduit vessels, while venous occlusion plethysmography measures vasodilation in small resistance vessels and is considered a more robust method for measuring vascular activity. 5 This methodological difference makes direct comparisons difficult between our findings and those of others.
There were several limitations to our study. First, we did not use a somatostatin clamp to inhibit endogenous secretion of insulin and C-peptide (so as to match insulin and C-peptide levels between groups during the venous occlusion plethysmography studies), both of which can affect endothelial function. 40 Second, individuals in the glimepiride treatment arm were not blinded to treatment. The fact that the study was not sufficiently powered to detect a statistically significant difference between liraglutide and glimepiride groups was also a limitation, as was the large variability present in our measurements, most likely due to the inherently increased metabolic variability of subjects with endocrine dysfunctions such as type 2 diabetes. Finally, since the FBF endpoints at euglycaemia were determined after the exploratory FBF endpoints at ambient blood glucose, sequence bias cannot be ruled out.
In summary, 12 weeks of liraglutide therapy did not have a significant effect on endothelium-dependent vasodilation in this study. Further investigation with liraglutide, including assessment of endothelial function in other vascular beds and during the postprandial period, is warranted. 
Key messages
Laboratory parameters, vital signs and physical examinations
Physical examinations and vital signs were normal at screening. No clinically relevant changes in laboratory parameters were observed during the course of the study. After 12 weeks of treatment, mean changes in heart rate from baseline [least square (LS) ± standard error (SE)] were 6.6 ± 2.1, −3.4 ± 2.2 and −2.7 ± 2.0 with liraglutide, placebo and glimepiride, respectively. Between-treatment differences were significant for liraglutide versus placebo (p = 0.002) and liraglutide versus glimepiride (p = 0.002). LS: least square; SE: standard error; BNP: brain natriuretic peptide; hsCRP: high-sensitivity C-reactive protein; IL-6: interleukin-6; TNF-alpha: tumour necrosis factor-alpha; VEGF: vascular endothelial growth factor.
